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(57) ABSTRACT

A method for operating a wind turbine. The method includes
providing a wind turbine having at least one blade having
adjustable pitch angle that 1s adjusted according to an opera-
tional parameter schedule. A blade efliciency parameter 1s
determined in response to a wind speed and a rotor speed. A
minimum pitch angle 1s determined 1n response to the blade
elficiency parameter and the pitch angle of the at least one
blade 1n response to the blade efficiency parameter 1s main-
tained to an angle equal to or greater than the minimum pitch
angle independent of the operational parameter schedule. A
wind turbine plant and a method for servicing a wind turbine
are also disclosed.
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BLADE PITCH MANAGEMENT METHOD
AND SYSTEM

FIELD OF THE INVENTION

The present mvention 1s directed generally to wind tur-
bines, and more particularly to a method for increasing

energy capture and controlling blade pitch of a wind turbine
blade.

BACKGROUND OF THE INVENTION

Recently, wind turbines have received increased attention
as environmentally safe and relatively inexpensive alternative
energy sources. With this growing interest, considerable
ciforts have been made to develop wind turbines that are
reliable and ellicient.

Generally, a wind turbine includes a rotor having multiple
blades. The rotor 1s mounted to a housing or nacelle, which 1s
positioned on top of a truss or tubular tower. Utility grade
wind turbines (1.e., wind turbines designed to provide elec-
trical power to a utility grid) can have large rotors (e.g., 30 or
more meters 1n length). In addition, the wind turbines are
typically mounted on towers that are at least 60 meters in
height. Blades on these rotors transform wind energy into a
rotational torque or force that drives one or more generators
that may be rotationally coupled to the rotor through a gear-
box. The gearbox steps up the inherently low rotational speed
of the turbine rotor for the generator to efficiently convert
mechanical energy to electrical energy, which 1s fed nto a
utility grid.

Wind turbine blades have continually increased in size in
order to increase energy capture. However, as blades have
increased 1n size, 1t has become increasingly more difficult to
control optimum energy capture. The blade loading 1s depen-
dent on the wind speed, tip speed ratio (1SR) and/or pitch
setting of the blade. TSR 1s the ratio of the rotational velocity
of the blade tip to wind speed. It 1s important to optimize the
operation of the wind turbine, including blade energy capture,
to reduce the cost of the energy produced. Pitch setting of the
blades (1.e., the angle of attack of the airfoil shaped blade),
provides one of the parameters utilized 1n wind turbine con-
trol. Typically, controllers are configured to adjust rotor speed
(1.e., the rotational speed of the hub around which the blades
rotate) by adjusting the blade pitch 1n a manner that provides
increased or decreased energy transier from the wind, which
accordingly 1s expected to adjust the rotor speed.

Wind turbines with sophisticated control systems maintain
constant speed and power by active blade pitch control. Power
production for a wind turbine 1s negatively impacted 1f the
blades of the wind turbine operate 1n a non-optimal state. A
common weather event that causes sub-optimal performance
of the machine 1s blade 1cing 1n which appreciable amounts of
ice collect on the leading edge or the upwind pressure surface.
Ice build-up on the wind turbine blades reduce the efficiency
of energy transier from the wind and may ultimately result 1n
acrodynamic stall from separation 1n airflow over the surface
of the wing. In addition to icing, other forms of blade fouling
may occur. For example, debris or insects may accumulate on
the blades and reduce the aecrodynamic efliciency of the
blades. In addition, low air density or a drop 1n air density may
also result 1n a loss of energy transfer from the wind to the
blades.

Aerodynamic stall causes a decrease 1n lift and an increase
in drag coelficients for a wind turbine blade. The onset of stall
1s signaled by a sharp change 1n a wind turbine’s performance
evident by degradation in output power versus expected
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power. In the event of acrodynamic stall, the energy transier
from the wind 1s reduced precipitously. Power degradation
resulting from the loss of energy transfer 1s most significant
during periods of rated winds where full power output is
anticipated by the controller. That 1s, the control system inter-
prets the decrease in power as a need for increased rotor
torque. The control system reacts by calling for a decrease in
blade pitch, which increases the angle of attack 1n an effort to
increase the energy transier from the wind. Increasing the
angle of attack by the control system of an acrodynamically
stalled blade further increases the flow separation, increasing
the stall condition and further decreasing the energy transier
from the wind. As such, the current systems fail to address
conditions, including icing conditions or similar conditions,
such as low density air operation, blade fouling, or other blade
condition susceptible to acrodynamic stalling.

Therefore, what 1s needed 1s a method for operating a wind
turbine that optimizes energy capture by controlling the blade
pitch angle for a large varniety of operating conditions, includ-
ing icing conditions.

SUMMARY OF THE INVENTION

One aspect of the present disclosure includes a method for
operating a wind turbine. The method includes providing a
wind turbine having at least one blade having adjustable pitch
angle that 1s adjusted according to an operational parameter
schedule. A blade efficiency parameter 1s determined 1n
response to a wind speed and a rotor speed. A minimum pitch
angle 1s determined 1n response to the blade efficiency param-
cter and the pitch angle of the at least one blade in response to
the blade efficiency parameter 1s maintained to an angle equal
to or greater than the minimum pitch angle independent of the
operational parameter schedule.

Another aspect of the present disclosure includes a wind
turbine plant having a wind turbine having at least one blade
having adjustable pitch angle that 1s adjusted according to an
operational parameter schedule. The wind turbine includes a
controller capable of determining a blade efficiency param-
eter 1n response to a wind speed and a rotor speed. The
controller determines a minimum pitch angle in response to
the blade efficiency parameter and maintains the pitch angle
of the at least one blade 1n response to the blade efficiency
parameter to an angle equal to or greater than the minimum
pitch angle independent of the operational parameter sched-
ule.

Still another aspect of the present disclosure includes a
method for servicing a wind turbine. The method includes
providing a wind turbine having a controller and at least one
blade having adjustable pitch angle that 1s adjusted according
to an operational parameter schedule. A blade efficiency
parameter 1s determined 1n response to a wind speed and a
rotor speed. The method further includes configuring the
controller to maintain the pitch angle of the at least one blade
in response to the blade efficiency parameter to an angle equal
to or greater than the minimum pitch angle independent of the
operational parameter schedule.

An advantage of the present disclosure includes reduction
or elimination of acrodynamic stall due to icing, low density
air operation, blade fouling, or other blade condition suscep-
tible to acrodynamic stalling.

Another advantage of the present disclosure includes
monitoring and diagnosis of operational problems, such as
excessive 1ce buildup or blade geometry degradation.

Another advantage of the present disclosure 1s that certain
embodiments of the method include utilization of existing
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sensors and equipment, permitting retrofitting of wind tur-
bines and low implemental cost.

Other features and advantages of the present invention will
be apparent from the following more detailed description of
the preferred embodiment, taken in conjunction with the
accompanying drawings which illustrate, by way of example,
the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an illustration of an exemplary configuration of a
wind turbine.

FIG. 2 1s a cut-away perspective view of a nacelle of the
exemplary wind turbine configuration shown in FIG. 1.

FI1G. 3 1s a block diagram of an exemplary configuration of

a control system for the wind turbine configuration shown 1n
FIG. 1.

FI1G. 4 15 a process tlow diagram of an exemplary method
according to an embodiment of the present disclosure.

FI1G. 5 shows a graphical representation of minimum pitch
angles as a function of tip speed ratio (TSR).

Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like parts.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, an exemplary wind turbine 100
according to the present invention 1s disclosed. The wind
turbine 100 1includes a nacelle 102 mounted atop a tall tower
104, only a portion of which i1s shown 1n FIG. 1. Wind turbine
100 also comprises a wind turbine rotor 106 that includes one
or more rotor blades 108 attached to a rotating hub 110. The
blade tips 138 are disposed at one end of each of the rotor
blades 108. Although wind turbine 100 illustrated 1n FIG. 1
includes three rotor blades 108, there are no specific limits on
the number of rotor blades 108 required by the present inven-
tion. The height of tower 104 1s selected based upon factors
and conditions known 1n the art.

In some configurations and referring to FIG. 2, various
components are housed 1n nacelle 102 atop tower 104. One or
more microcontrollers or other control components (not
shown) are housed within control panel 112. The microcon-
trollers include hardware and software configured to provide
a control system providing overall system monitoring and
control, mcluding pitch and speed regulation, high-speed
shaft and yaw brake application, yaw and pump motor appli-
cation and fault monitoring. In alternative embodiments of
the disclosure, the control system may be a distributed control
architecture not solely provided for by the control panel 112
as would be appreciated by one of ordinary skill in the art. The
control system provides control signals to a variable blade
pitch drive 114 to control the pitch of blades 108 (FI1G. 1) that
drive hub 110 as a result of wind. In some configurations, the
pitches of blades 108 are individually controlled by blade
pitch drive 114.

The drive train of the wind turbine includes a main rotor
shaft 116 (also referred to as a “low speed shait™) connected
to hub 110 and supported by a main bearing 130 and, at an
opposite end of shaft 116, to a gear box 118. The speed of
rotation of the main rotor shait 116 or rotor speed may be
measured by sutable instrumentation or measurement
devices (not shown). In some configurations, hub rotational
speed 1s known from an encoder on a high speed shait con-
nected to the aft end of the generator, and blade length, which
1s known, 1s used to determine tip speed. In addition, the rotor
speed may be determined from a proximity switch on the high
or low speed shatt. In addition, the rotor speed may be directly
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measured with sensing devices, such as optical strobing
detection of a labeled high or low speed shatt. The rotor speed
information may be provided to the control system to provide
inputs for determination of a tip speed ratio. Gear box 118, 1n
some configurations, utilizes a dual path geometry to drive an
enclosed high speed shaift. The high speed shaft (not shown in
FIG. 2) 1s used to drive generator 120, which 1s mounted on
main frame 132. In some configurations, rotor torque 1s trans-
mitted via coupling 122. Generator 120 may be of any suit-
able type, for example, a wound rotor induction generator.

Yaw drive 124 and yaw deck 126 provide a yaw orientation
system for wind turbine 100. Anemometry provides informa-
tion for the yaw orientation system, including measured
instantaneous wind direction and wind speed at the wind
turbine. Anemometry may be provided by a wind vane 128.
The anemometry information may be provided to the control
system to provide inputs for determination of a tip speed ratio.
In some configurations, the yaw system 1s mounted on a
flange provided atop tower 104.

In some configurations and referring to FIG. 3, an exem-
plary control system 300 for wind turbine 100 includes a bus
302 or other communications device to communicate infor-
mation. Processor(s) 304 are coupled to bus 302 to process
information, including information from sensors configured
to measure displacements or moments. Control system 300
turther mcludes random access memory (RAM) 306 and/or
other storage device(s) 308. RAM 306 and storage device(s)
308 are coupled to bus 302 to store and transier information
and 1nstructions to be executed by processor(s) 304. RAM
306 (and also storage device(s) 308, 1f required) can also be
used to store temporary variables or other intermediate infor-
mation during execution of instructions by processor(s) 304.
Control system 300 can also include read only memory
(ROM) and or other static storage device 310, which 1s
coupled to bus 302 to store and provide static (i.e., non-
changing) information and instructions to processor(s) 304.
Input/output device(s) 312 can include any device known 1n
the art to provide mput data to control system 300 and to
provide yaw control and pitch control outputs. Instructions
are provided to memory from a storage device, such as mag-
netic disk, a read-only memory (ROM) integrated circuit,
CD-ROM, DVD, via a remote connection that 1s either wired
or wireless providing access to one or more electronically-
accessible media, etc. In some embodiments, hard-wired cir-
cuitry can be used 1n place of or in combination with software
instructions. Thus, execution of sequences of 1nstructions 1s
not limited to any specific combination of hardware circuitry
and software instructions. Sensor interface 314 1s an interface
that allows control system 300 to communicate with one or
more sensors. Sensor interface 314 can be or can comprise,
for example, one or more analog-to-digital converters that
convert analog signals into digital signals that can be used by
processor(s) 304. In one embodiment, the sensor interface
includes signals from a rotor speed determining device and
anemometry from wind vane 128.

A method for operating a wind turbine 100 1s 1llustrated 1n
the process flow diagram shown 1n FIG. 4. In order to provide
the control of the present disclosure, an operational parameter
schedule 1s determined, step 401. The operational parameter
schedule may be a data curve or similar control algorithm
utilized by the control system or controller to provide desired
wind turbine operation. For example, the operational param-
eter schedule may include a power curve or an expected rated
power value for a given pitch angle and tip speed ratio. The
expected rated power value 1s a value that 1s provided based
upon the particular configuration and design parameters of a
particular wind turbine or wind turbine design. The expected
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rated power value or power curve 1s a well-known operational
input upon which control systems may control the various
systems of the wind turbine. However, the present disclosure
1s not so limited. For example, 1n addition, other operational
inputs, such as the coetficient of torque or other coetficient
may be utilized as the operation mput. For example, the
control system may adjust one or both of the generator torque
or blade pitch 1n response to a change 1n operational param-
eters, such as tip speed ratio. Once the operational parameter
curve 1s determined, wind speed 1s determined, step 403, at
wind vane 128 or at another suitable device and rotor speed 1s
determined, step 405, by any suitable method or by any suit-
able device. In other embodiments, the wind speed 1s calcu-
lated from other measured values or models. While the above
has been described as determining the wind speed and the
rotor speed directly from the corresponding systems or instru-
ments, the wind speed and rotor speed may be provided from
other locations or systems, such as weather monitoring sta-
tions, weather predicators, from a wind plant central moni-
toring/control, from predicted weather conditions, from
externally mounted monitoring devices, from instruments
mounted on other areas of the wind turbine or elsewhere 1n the
wind turbine plant, such as directly on the blades, or by other
methods or systems suitable for providing wind speed and/or
rotor speed and/or other parameters suitable for calculating
tip speed ratios. The wind speed and rotor speed are utilized to
calculate a blade efficiency parameter, step 407. The blade
eificiency parameter may be calculated by any suitable for-
mula or technique. In one embodiment, the blade efficiency
parameter 1s a tip speed ratio calculated dividing the speed of
the blade tips 138 of the turbine blade by the speed of the
wind:

wherein TSR 1s tip speed ratio, €2, 1s the velocity of the blade
tips 138 and the V_ . 1s wind speed. €2, may be calculated
from the rotor speed and the length of the blade or may be
measured directly via accelerometers or similar devices
mounted on blades 108.

This blade elficiency parameter data 1s recetrved by control
system 300 or controller, which utilizes a corresponding
table, equation or other relationship that relates blade efifi-
ciency parameter to a blade pitch at a predetermined value of
operational parameter. A minimum blade pitch angle 1s deter-
mined, step 409. The equation or table for the determination
of the minimum blade pitch angle can be empirically deter-
mined or calculated using known physical laws. For example,
a power curve having values of C, having an operationally
desirable relationship between tip speed ratio and blade pitch
angle may be utilized as the mimmmum blade pitch angle. In
response, the control system 300 adjusts (or maintains) the
pitch angle of blades 108 to a value greater than the minimum
blade pitch angle, step 411.

Operation of the blade pitch angle at angles at or above the
mimmum blade pitch determined 1n step 409 provides opera-
tion that reduces or eliminates aerodynamic stall conditions
resulting from icing, low density air operation, blade fouling,
or other blade condition susceptible to acrodynamic stalling.
A desirable acrodynamic wind turbine blade design yields the
coellicients for power and torque and therefore aerodynamic
eificiency for the designed tip speed ratio. This designed
aerodynamic efficiency can be evaluated, for example, by
measuring tip speed ratio with temperature and density com-
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pensated wind speed and coetlicient of power. In this embodi-
ment, normalized and filtered readings of the calculated aero-

dynamic efficiency may be taken and recorded to provide a
record, such as an aerodynamic performance history, which
may be utilized i the controller of the wind turbine. This
record may be periodically evaluated against the designed
values over time intervals and can lead to predictive and
preventive maintenance tasks of the wind turbine. For
example, the record may permit the scheduling of servicing or
other actions, such as clearing the blades of 1insects, or refur-
bishing the blades. Such maintenance activities and schedul-
ing permit prolonged and improved wind turbine operation.

In another embodiment, the above method may be discon-
tinuous, wherein the operation of the wind turbine with the
minimum blade pitch angle may be activated when desired or
fouled blades, 1cing, debris buildup or other degraded blade
acrodynamics are suspected.

In addition to providing reducing of elimination of the stall
conditions, the time of operation of the wind turbine at a
minimum value may be used for diagnostics for the wind
turbine, to detect non-preferred operating conditions or
operational deviations. For example, an extended period of
operation at the mimmimum value of blade pitch angle may
indicated the presence of icing. In addition, other supporting
data inputs, such as temperature or weather information may
provide ice detection, which may permit the activation of
deicing systems or potential shutdown or maintenance of the
wind turbine.

Example

FIG. 5 shows a graphical representation of a minimum
pitch angle curve shown at the maximum C, as a pitch angle
according to an exemplary wind turbine control scheme. As
shown 1n FIG. 3, 1n this example, the maximum power (C )
point 500 along power curves 501 corresponding to the vari-
ous t1p speed ratios (1.e., tip speed ratios of 3.0, 4.0, 5.0, 6.0,
7.0, and 8.0, corresponding to TSR 3, TSR 4, TSR 5, TSR 6,
TSR, 7 and TSR 8, respectively). These maximum power
points 500 equal the minimum pitch angle setting for the wind
turbine control according to embodiments of the disclosure.
The maximum power points 300 are plotted to form a mini-
mum pitch angle curve 503. As shown, the minimum pitch
angle curve 3503 provides wind turbine control such that
operation on the left side region of the curve (1.e., “High AOA
Stall” region), includes a ligh angle of attack blade and
potential approach to stall, wherein the method of the present
invention requires that the wind turbine maintain (and 1s
constrained to) a minimum pitch angle corresponding to the
pitch angle along the minimum pitch angle curve 503. Con-
versely, operation on the right side region of the curve (1.e.
“Low AOA Feather”) represents a low angle of attack for the
blade, wherein the wind turbine would operate with pitch
angles on or to the right of or greater than the minimum pitch
angle curve 503.

While the invention has been described with reference to a
preferred embodiment, 1t will be understood by those skilled
in the art that various changes may be made and equivalents
may be substituted for elements thereof without departing
from the scope of the mvention. In addition, many modifica-
tions may be made to adapt a particular situation or material
to the teachings of the mvention without departing from the
essential scope thereof. Therefore, 1t 1s intended that the
invention not be limited to the particular embodiment dis-
closed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments
talling within the scope of the appended claims.
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What 1s claimed 1s:
1. A method for operating a wind turbine during degraded
blade acrodynamic conditions comprising;:
providing a wind turbine having at least one blade having
adjustable pitch angle that 1s adjusted according to an
operational parameter schedule, the operational param-
eter schedule including a control algorithm or a coetli-
cient of power curve;
regulating the wind turbine through a control scheme 1n
response to a degraded blade aerodynamic condition, the
control scheme comprising:
determining a wind speed and rotor speed;
calculating a blade efficiency parameter in response to
the wind speed and the rotor speed;

determining a minimum pitch angle in response to the
blade efficiency parameter, wherein the minimum
pitch angle 1s determined by relating the blade effi-
ciency parameter to a blade pitch at a predetermined
value of the operational parameter;

maintaining the pitch angle of the at least one blade 1n
response to the blade efficiency parameter at an angle
equal to or greater than the determined minimum
pitch angle, wherein maintaining the pitch angle of
the at least one blade 1s independent of the operational
parameter schedule, wherein maintaining the pitch
angle 1s configured to reduce or substantially elimi-
nate aerodynamic stall during the degraded blade
acrodynamic condition; and

departing from the control scheme when the degraded
blade acrodynamic condition 1s no longer detected.

2. The method of claim 1, wherein the blade efficiency
parameter 1s selected from the group consisting of tip speed
ratio, blade aerodynamic elliciency and combinations
thereof.

3. The method of claim 1, further comprising determining,
the presence or absence of a fouled blade condition in
response to a preselected time at which the pitch angle 1s
equal to the mimimum pitch angle.

4. The method of claim 1, further comprising 1nitiating,
servicing of the blades 1n response to a detected fouled blade
condition.

5. A wind turbine plant comprising:

a wind turbine having at least one blade having adjustable
pitch angle that 1s adjusted according to an operational
parameter schedule, the operational parameter schedule
including a control algorithm or a coelficient of power
Curve;

a controller capable of determining a blade efficiency
parameter 1 response to a wind speed and a rotor speed;

wherein the controller utilizes a control scheme inresponse
to a degraded blade aerodynamic condition, the control-
ler determines a minimum pitch angle 1n response to the
blade efficiency parameter, wherein the mimimum pitch
angle 1s determined by relating the blade efliciency
parameter to a blade pitch at a predetermined value of
the operational parameter, and the controller maintains
the pitch angle of the at least one blade in response to the
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blade elliciency parameter at an angle equal to or greater
than the determined minimum pitch angle, wherein
maintaining the pitch angle of the at least one blade 1s
independent of the operational parameter schedule,
wherein maintaining the pitch angle 1s configured to
reduce or substantially eliminate acrodynamaic stall dur-
ing the degraded blade aerodynamic condition and
wherein the controller departs from the control scheme
when the degraded blade aerodynamic condition i1s no
longer detected.

6. The wind turbine plant of claim 3, wherein the plant
comprises a plurality of wind turbines.

7. The wind turbine plant of claim 5, wherein the controller
1s capable of determining the presence or absence of a fouled
blade condition 1n response to a preselected time at which the
pitch angle 1s equal to the minimum pitch angle.

8. A method for servicing a wind turbine comprising;:

providing a wind turbine having a controller and at least

one blade having adjustable pitch angle that 1s adjusted
according to an operational parameter schedule, the
operational parameter schedule including a control algo-
rithm or a coetlicient of power curve;

regulating the wind turbine through a control scheme 1n

response to a degraded blade aerodynamic condition, the

control scheme comprising:

determining a wind speed and a rotor speed;

calculating a blade efficiency parameter in response to
the wind speed and the rotor speed;

determining a minimum pitch angle i response to the
blade efficiency parameter, wherein the minimum
pitch angle 1s determined by relating the blade effi-
ciency parameter to a blade pitch at a predetermined
value of the operational parameter;

configuring the controller to maintain the pitch angle of the

at least one blade 1n response to the blade efliciency
parameter at an angle equal to or greater than the mini-
mum pitch angle independent of the operational param-
cter schedule, wherein maintaining the pitch angle 1s
configured to reduce or substantially eliminate aerody-
namic stall during the degraded blade aerodynamic con-
dition; and
departing from the control scheme when the degraded
blade aerodynamic condition 1s no longer detected.

9. The method of claim 8, wherein the operational param-
cter schedule 1s selected from a coelficient of power curve.

10. The method of claim 8, wherein the blade efficiency
parameter 1s selected from the group consisting of tip speed
ratio, blade aerodynamic efficiency and combinations
thereof.

11. The method of claim 8, further comprising determining
the presence or absence ol a fouled blade condition in
response to a preselected time at which the pitch angle 1s
equal to the minimum pitch angle.

12. The method of claim 8, further comprising initiating
servicing ol the blades 1n response to a detected fouled blade
condition.
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